Abstract. Over the past decade an increasing number of studies have experimentally manipulated the number of species in a community and examined how this alters the aggregate production of species biomass. Many of these studies have shown that the effects of richness on biomass change through time, but we have limited understanding of the mechanisms that produce these dynamic trends. Here we report the results of an experiment in which we manipulated the richness of freshwater algae in laboratory microcosms. We used two experimental designs (additive and substitutive) that make different assumptions about how patches are initially colonized, and then tracked the development of community biomass from the point of initial colonization through a period of 6-12 generations of the focal species. We found that the effect of initial species richness on biomass production qualitatively shifted twice over the course of the experiment. The first shift occurred as species transitioned from density-independent to dependent phases of population growth. At this time, intraspecific competition caused monocultures to approach their respective carrying capacities more slowly than polycultures. As a consequence, species tended to over-yield for a brief time, generating a positive, but transient effect of diversity on community biomass. The second shift occurred as communities approached carrying capacity. At this time, strong interspecific interactions caused biomass to be dominated by the competitively superior species in polycultures. As this species had the lowest carrying capacity, a negative effect of diversity on biomass resulted in late succession. Although these two shifts produced dynamics that appeared complex, we show that the patterns can be fit to a simple Lotka-Volterra model of competition. Our results suggest that the effects of algal diversity on primary production change in a predictable sequence through successional time.
INTRODUCTION
Over the past decade a leading challenge in ecology has been to understand the ecosystem-level consequences of species extinction (Tilman 1999 , Chapin et al. 2000 , Naeem 2002 . A growing number of field and laboratory studies have manipulated the richness of species in a trophic group and found that diversity has a positive, but decelerating affect on the conversion of resources into biomass (reviewed by Schwartz et al. 2000 , Schmid et al. 2001 , Covich et al. 2004 , Hooper et al. 2005 , Srivastava and Vellend 2005 , Balvanera et al. 2006 , Cardinale et al. 2006a . But these effects often change in form and magnitude through time. For example, some studies have reported that effects of diversity grow stronger through time (Caldeira et al. 2001 , Jonsson 2006 , others have reported they grow weaker (Cardinale and Palmer 2002 , Bell et al. 2005 , Cardinale et al. 2006b ), and still others have reported transient positive effects of diversity that ultimately become weak or non-significant as communities progress towards an equilibrium state (Fox 2004, Hooper and Dukes 2004) . Despite clear evidence that biodiversity-ecosystem function relationships are temporally dynamic, there have been few attempts to generate a conceptual framework that might help interpret or predict these trends.
One framework that is potentially useful for understanding temporally dynamic effects of diversity is the successional patch mosaic. Successional dynamics in a patchy environment is one of the fundamental mechanisms of species coexistence (Pacala and Rees 1998 , Amarasekare 2003 , Leibold et al. 2004 , Chase 2005 , and occur when some fraction of patches in a landscape experience intermittent disturbance. After patches are colonized by initially low densities of organisms, recruiting populations undergo a period of densityindependent growth and, given sufficient time between disturbances, they begin to experience intra-and interspecific interactions that can ultimately limit community membership. Recent mathematical models suggest that species richness can have a qualitatively different effect on the production of biomass in patches at different stages of this successional sequence (Holt and Loreau 2001 , Kinzig and Pacala 2001 Cardinale et al. (2004) used LotkaVoltera theory to argue that species richness can have no effect on community biomass during early stages of succession because species neither over-nor under-yield in polyculture during density-independent phases of growth. However, in later stages of succession when competition limits populations, several mechanisms can generate qualitatively similar effects of diversity on community biomass. Unfortunately, few experiments have tested this range of predictions. Instead, most have initialized species populations at high starting densities to ensure successful establishment, thus avoiding the density-independent phases of population growth (Symstad and Tilman 2001) . And with few noteworthy exceptions, studies tend to be run for too short a time to achieve a late successional state.
Here we report the results of a laboratory study in which we used a simplified, but mechanistically tractable system of freshwater algae to explore how algal species richness affects the production of biomass from the point of initial colonization, through density-independent phases of population growth, into late stages of succession where a system is dominated by interspecific competition. We tested two hypotheses: First, we hypothesized that algal species richness has no impact on production of community biomass during early stages of succession when populations are in density independent phases of growth. If true, an important implication is that diversity-biomass relationships during early stages of succession depend solely on how a patch is initially colonized, and are not influenced by the traits of highly productive species. Second, we hypothesized that in late stages of succession when growth is reduced by intra-and interspecific interactions, aggregate biomass of a community is an increasing function of initial algal species richness. This could either be due to sampling effects where diversity increases the probability that a species with a high carrying capacity will be included in and ultimately dominate a community, or the partitioning of resources that cause a more diverse community to capture a greater fraction of available resources.
To test these hypotheses, we performed our experiment using two parallel designs that make different assumptions about how a patch is initially colonized. The first was the widely used substitutive design (also called the replacement-series) in which the initial number of recruits to a patch (individuals, seeds, biomass, etc.) is independent of the number of species. The second was the additive design in which the number of propagules of any given species is independent of initial richness. Running these designs together gives complementary information about the mechanisms operating to produce diversity effects over the course of succession-mechanisms that are not always visible in either design individually.
As we will show, our second hypothesis was not entirely supported. Although a positive effect of richness on biomass developed during the intermediate phase of succession, this effect was ephemeral and transitioned into a negative effect of richness on biomass in late succession. This unexpected trend led us to fit a mathematical model to the data to investigate the mechanisms underlying the observed richness-biomass relationships. Collectively, our data and model show that differences in population growth rates and strong competitive asymmetries among species can alter the relationship between species diversity and community biomass from positive to negative over the course of succession. Although changes in the qualitative form of the richness-biomass relationship might suggest complicated dynamics, we show that they can, in fact, be intuitively predicted from the simple changes in species interactions that are captured by Lotka-Volterra equations.
METHODS

Focal species
Our experiment used three common Chlorophycean algal species: Chlamydomonas debaryana (Ch), Scenedesmus quadricauda (Sc), and Selenastrum minutum (Se). All three species have broad geographic distributions and are abundant in freshwater phytoplankton communities (Graham and Wilcox 2000) . We chose these particular taxa for three reasons: (1) they differ in cell size and shape, which makes them easy to distinguish from one another; (2) they are available from commercial cultures (Culture Collection of Algae at the University of Texas at Austin); and (3) they all grow well under laboratory conditions using common growth media. Our cultures were grown in 1-L Erlenmeyer flasks filled with 500 mL of filtered COMBO growth media for two weeks prior to the start of the experiment (Kilham et al. 1998) .
Experimental design
The experimental design was a factorial manipulation of two independent variables: initial algal species richness 3 initial form of colonization. For initial richness we ran all species monocultures, each twospecies polyculture, and the three-species polyculture. All seven species combinations were crossed with two forms of initial colonization, additive vs. substitutive. To standardize biomass, we first measured in vivo fluorescence of chlorophyll a in our stock cultures (Turner Aquafluor handheld fluorometer; Turner Designs, Sunnyvale, California, USA) and estimated algal biomass assuming chl a represents 1.5% of algal dry mass (Wetzel and Likens 2000) . For the additive form of colonization, we held the biomass of each species constant across all levels of richness such that total initial dry biomass increased from 0.05 lg/L in species monocultures to 0.10 and 0.15 lg/L in the two-and three-species polycultures. In the substitutive design, we held the total biomass of the initial community constant at 0.05 lg/L across all levels of richness. Thus, the biomass of each species was cut in half and by one-third in the two-and three-species polycultures. Each experimental combination was replicated seven times. As the monocultures are the same for both forms of colonization, there were 11 rather than 14 treatment combinations (77 experimental units).
The experimental units were 140-mL mason jars filled with 110 mL of autoclaved COMBO growth media. Media was not replenished during the experiment as we specifically wanted to simulate a situation in which resource availability was fixed, potentially leading to strong competition among species. This might, for example, mimic conditions in a temperate lake where spring turnover generates a single pulse of nutrients before formation of an epilimnion, after which resources are depleted over a summer growing season. Jars were placed in randomized positions in a growth chamber fitted with six cool-light fluorescent bulbs. The chamber was set to 208C and light was regulated on a 20 h : 4 h light : dark cycle. The experimental jars were loosely covered with plastic lids to prevent cross-contamination of algal species while still allowing gas exchange. Each jar was swirled by hand once per day to maintain cells in suspension.
Dependent variables
Jars were sampled on days 2, 5, 7, 9, 11, 15, 19, 23 , and 33 of the experiment to determine the biomass of each species, as well as the total biomass in the polycultures. On each date we determined species population sizes by pipetting 2-mL samples from each jar, preserving samples in diluted Lugol's solution, and later counting cells on a hemacytometer under 2003 magnification. To estimate the biomass of each population, we multiplied cell densities by the mean cell biovolume, determined by measuring the dimensions of cells for each species from photographs of the original stock cultures. Cellular dimensions were converted to biovolume (as in Hillebrand et al. 1999) , and biovolume converted to biomass assuming a specific gravity of 1.0. It should be noted that this calculation of biomass (cell density 3 biovolume) differs from the method used to standardize initial colonization in the experimental units (in vivo fluorescence of chl a). While the two measures produce the same qualitative trends throughout the experiment, we have chosen to present estimates based on biovolume because these allow us to differentiate among the various species in polyculture. Thus, they also allow us to distinguish the growth of species when alone vs. when in polyculture.
Data analyses
To assess how the effect of species richness on biomass production changed through successional time, we used a repeated-measures ANOVA to model the log of algal biomass as a function of time (day of experiment), species richness, and the two-way interaction for each form of initial colonization (additive vs. substitutive). Algal biomass was weighted by (variance) À1 to account for heterogeneity of variances across levels of species richness. To help identify underlying mechanisms, we quantified the relative performance of species in poly-vs. monoculture using the proportional deviation in the observed biomass of species i in polyculture O p,i from its expected biomass E p,i :
where (Hector 1998 , Loreau 1998b ). We then calculated the total proportional deviation of the three-species polycultures from expected values D T as
Standard t tests were used to test for deviations in each metric from a null mean of zero.
RESULTS
General successional sequence
The mean population doubling times for the species monocultures were 6.06 6 1.24, 2.73 6 0.06, and 3.10 6 0.06 d for Chlamydomonas, Scenedesmus, and Selenastrum, respectively (mean 6 SE). This indicates that the 33-d time span of our experiment was sufficient to encompass between 6 and 12 generations of the focal species. The duration of our experiment was also sufficient to capture a number of key aspects of a successional sequence (Fig. 1) . Initially, species populations grew exponentially with growth rates that were independent of the presence of other taxa. This is evident from Fig. 1 , which shows a linear increase (on a log scale) in population density through approximately day 5 for all three species. The impacts of both intraand interspecific competition on population growth rates became evident between days 9 and 15 of the experiment, depending on the species. This is clear from the decelerating growth curves of the monocultures and from the reduction in species population sizes in polycultures relative to their monoculture densities (Fig. 1) . Although the population size of each species continued to increase through the final day of the study, growth rates between day 23 and 33 were near zero (0.09, 0.08, and 0.06 for Chlamydomonas, Scenedesmus, and Selenastrum, respectively, in monoculture), and densities in the additive three-species polycultures were reduced by 44-84% relative to monoculture values. Thus, our study spanned the early stages of succession where species were in density-independent phases of growth, and later stages of succession where intra-and inter-specific interactions strongly limited population growth. Hereafter, we assume from Fig. 1 that the duration of our study was sufficient for the systems to approach equilibrium.
Effects of species richness on biomass production 2c, d illustrates the same data in a complementary way, showing the slope 6 95% confidence intervals for the relationship between species richness and community biomass on different dates of the study (i.e., the solution for fixed effects from the richness 3 date interaction in a repeated-measures ANOVA). Note that between days 0 and 5 of the study when all species were experiencing exponential growth (representing one or two generations), the initial richness-biomass relationships remained qualitatively unchanged from their initial conditions (compare open to solid circles in Fig. 2c, d ). Between days 5 and 11 as population growth began to slow (representing 2-4 generations), the diversitybiomass relationship remained unaltered for the additive form of colonization, but a positive relationship emerged for the first time in the substitutive form of colonization. After day 11, biomass became an increasingly negative function of diversity in both designs, ultimately becoming significantly so in the substitutive design by day 33 (representing 6-12 generations).
To understand why the effect of diversity on community biomass changed in form and magnitude over the course of the experiment, it is informative to examine three representative dates in greater detail. On day 5 when species were still in density-independent phases of growth, the biomass of each species in the three-species polyculture was no different than what would be expected from the biomass they achieved in monoculture (Fig. 3a, d) . Thus, species neither over-nor under-yielded, confirming that growth from day 0 to 5 was not influenced by the presence of other species. As a consequence, biomass increased proportionally across all levels of species richness such that the original relationships between richness and community biomass were simply maintained. It is interesting to note that this was true despite the fact that species differed substantially in their productivity. Between days 0 and 5, Selenastrum had an intrinsic rate of increase of 0.94 6 0.06, while growth rates of Chlamydomonas and Scenedesmus were far lower (0.18 6 0.21 and 0.64 6 0.14, respectively). As a result, Selenastrum attained higher biomass in monoculture than the other two species (Fig. 3b, c) , and dominated the polyculture (71-74% of total biomass).
On day 9, a positive relationship between species richness and community biomass emerged for the first time in the substitutive form of colonization (compare Fig. 3c-g ). This positive relationship developed because two of the three species, Chlamydomonas and Selenastrum, began to ''over-yield'' in polyculture (Fig. 3h) , meaning they produced more biomass than expected from their monoculture value. But this positive effect of diversity on community biomass was transient. By day 23, the slope relating community biomass to algal richness was significantly negative for the substitutive design (Fig. 3j, k) , which occurred because of underyielding by Scenedesmus (Fig. 3i) . The average biomass of the three-species polyculture was roughly half that of the monocultures (462 vs. 854 mg/L) for additive design, but this was not sufficient to produce a significant negative slope (Fig. 3j) .
A mathematical model
Results of the experiment generally support our first hypothesis that the relationship between algal diversity and community biomass during density-independent phases of growth is determined by the form of initial colonization and not influenced by the presence/absence of highly productive species. Indeed, we found that the initial richness-biomass relationships were maintained throughout density-independent growth despite the fact that a species with a high growth rate came to dominate the biomass of polycultures. However, our second prediction that the biomass of a community in late succession increases as a function of initial algal species richness was not supported. Instead, we found that diversity had a positive, but transient effect on community biomass that ultimately became negative or nonsignificant. To further explore why this might be so, we fit our data to a modified version of the LotkaVolterra model of competition (see Appendix), and calculated the maximum likelihood parameter estimates for species population growth rates and competitive abilities (see Appendix: Table A1 ). The maximumlikelihood parameter estimates suggest two conditions were true of the species used in our experiment. First, the species exhibited a trade-off between their growth rates and competitive abilities, with slow-growing species (e.g., Chlamydomonas) being competitively superior to fast-growing species (e.g., Selenastrum). Second, the late-successional competitive dominant (Chlamydomonas) had the lowest carrying capacity.
To determine if these two conditions are sufficient to reproduce the time trends observed in our experiment FIG. 3 . The effect of algal species richness on community biomass for three dates chosen to represent early, mid, and late stages of succession. Center plots show the biomass (circles, mean 6 SE) for each treatment of species richness, as well as the biomass of each species-species combination (Ch, Chlamydomonas; Sc, Scenedesmus; Se, Selenastrum). Statistically significant relationships (P , 0.05) are noted by regression lines, and the percentage of biomass attributable to each species in polyculture is given in parentheses (Ch:Sc:Se). Plots on either side of the main graphs give the proportional deviation 6 SE of species biomasses from their initial values in monoculture. D i 's (species labels) and D T 's (circles) .0 indicate that a species ''over-yielded,'' meaning it produced more biomass in polyculture for the interval from t ¼ 0 to t than it produced in monoculture. By contrast, values ,0 indicate underyielding. An asterisk denotes D T values that are significantly different from zero (P , 0.05). Trends for the additive form of colonization are given in the left-hand panels, while trends for the substitutive form are given in the right-hand panels.
(i.e., those in Figs. 2 and 3) , we simulated them using a simple two-species Lotka-Volterra model:
where populations grow with intrinsic growth rate r i to carrying capacity K i, and coefficients a ij give the competitive effect of species j on species i. Note that the terms describing the impacts of intraspecific and interspecific competition, respectively, have been separated for clarity:
To mimic the characteristics of our experimental species pool, we let r 1 . r 2 and a 12 . a 21 (condition 1), and K 1 . K 2 (condition 2). Fig. 4a , b illustrates the temporal dynamics for the average monoculture and the two-species polyculture (shown only for the substitutive form of initial colonization). Note that species richness has no effect on aggregate biomass during early succession (generations 1-10), a positive effect in intermediate succession (generations 10-20) , and a negative effect in late succession (generations .20). The mechanisms that underlie these trends involve simple changes in the relative impacts of intra-and interspecific interactions in limiting population growth. In early periods of growth when b i (t) ( K i , intra-and interspecific competition are both negligible, and Eq. 3 approximates exponential growth for both species. As a result, species achieve the same biomass whether growing alone or in the twospecies system, and the biomass of the average monoculture increases by the same proportion per time step as does total biomass in the polyculture. Because a substitutive design assumes that initial diversity and biomass are independent, this independence is retained throughout all phases of density-independent growth. It is important to note that this is true despite the fact that species 1 is far more productive than species 2 (r 1 . r 2 ) and dominates biomass in polyculture (Fig. 4e) . One thing this suggests is that a simple correlation between species richness and the probability that a productive species will come to dominate a community is not, by itself, sufficient to generate any relationship between diversity and biomass (Fig. 4b) .
During intermediate succession (generations 10-20), a positive relationship between species richness and community biomass emerges as over-yielding by species 1 outweighs slight under-yielding by species 2 (Fig. 4a-c) . Both trends occur because the high growth rate of species 1 allows it to achieve densities that not only affect species 2, but that begin to limit the growth of conspecifics. Intraspecific competition is key to understanding this phase because the substitutive form of colonization assumes that initial biomass of colonists is constant across all levels of richness. In turn, the initial Parameter values for species 1 were chosen to depict a fastgrowing early-successional species that is competitively inferior (r 1 ¼ 0.4, K 1 ¼ 1000, a 12 ¼ 2.5), and values for species 2 depict a late-successional dominant with a lower carrying capacity (r 2 ¼ 0.2, K 2 ¼ 500, a 21 ¼ 0.25).
April 2007 935 DIVERSITY EFFECTS CHANGE THROUGH TIME density of conspecifics in a polyculture is one-half that of the monoculture, and reduced intraspecific competition in the polyculture causes species 1 to over-yield. But the resulting positive effect of diversity on biomass is transient and ultimately becomes a negative effect in late succession as the slower growing, but competitively superior species 2 comes to dominate the system (generations .20, Fig. 4e ). This occurs simply because species 2 has the lower carrying capacity, causing biomass of the polyculture to be lower than that of the average monoculture.
DISCUSSION
We have shown that the effects of species diversity on the production of community biomass can change in both form and magnitude over the course of succession. Using a simple experimental system of freshwater algae, we documented two qualitative shifts in the relationship between species richness and biomass production. By fitting a model to the data, we showed that these shifts can be explained by simple Lotka-Volterra dynamics in which species have different carrying capacities and there are asymmetries in interspecific competition. These differences alter the relative impacts of intra-and interspecific competition on population growth rates that ultimately control the richness-biomass relationship. Results of our study support a growing body of evidence that the effect of species diversity on biomass production in any given community is temporally dynamic (Caldeira et al. 2001 , Cardinale and Palmer 2002 , Fox 2004 , Hooper and Dukes 2004 , Bell et al. 2005 , Cardinale et al. 2006b , Jonsson 2006 , and they begin to outline a conceptual framework that can help interpret these trends.
Our results are consistent with the predictions of Cardinale et al. (2004) , who used Lotka-Voltera theory to argue that species diversity should not affect the production of biomass for any community in densityindependent phases of growth. This is because species achieve the same biomass whether growing alone or in polyculture, and diversity can have no effect on biomass when species neither over-nor under-yield. There are at least two important corollaries of this prediction, the first of which relates to how we interpret the most widely cited mechanism for diversity effects. The ''sampling effect'' (also called the selection-probability effect; Huston 1997 , Loreau 1998b ) has been invoked by numerous authors to explain how species diversity affects community biomass (see reviews by Schwartz et al. [2000] , Schmid et al. [2001] , Covich et al. [2004] , Hooper et al. [2005] , Srivastava and Vellend [2005] , Balvanera et al. [2006] , and Cardinale et al. [2006a] ). Even so, there is considerable variation in, and perhaps some confusion about how this mechanism actually operates. Some have argued that the sampling effect is nothing more than a statistical inevitability that occurs when increasing diversity increases the probability that the most productive species will be included in, and ultimately dominate the biomass of, a community (Huston 1997 , Wardle 1999 , Leps et al. 2001 , Wojdak 2005 . Results of our experiment do not support this interpretation. As evidence, take the results of our study during density-independent phases of population growth where (1) increasing diversity was correlated to the probability that the most productive species-Selenastrum, which had the highest rates of population growthwould be included in a given community, and (2) high growth rate allowed Selenastrum to dominate the biomass of polycultures. Yet, the probability of including this fast growing species in a diverse community was not sufficient to generate any effect of diversity, which is clear from the fact that richness and biomass remained independent in the substitutive design (Fig. 3c) . Our model confirmed that the simple presence/absence of a highly productive species in a community does not, by itself, generate any relationship between species diversity and biomass production, which is true even when the traits of that species (e.g., high growth rate) allow it to dominate polyculture biomass. Rather, an effect of diversity can only manifest after species become sufficiently dense that local interactions alter the performance of one or more species in polyculture relative to their performance in monoculture. This finding is more consistent with alternative interpretations of the sampling effect that argue a correlation between species richness and the probability of a given species being included in a community must be coupled with distinct biological interactions (e.g., competition, facilitation) that cause the relative yields of species (polyculture : monoculture performance) to deviate from unity (Loreau 1998b , Ives et al. 2005 .
If species richness cannot affect the biomass of a community while populations are in density-independent phases of growth, a second implication is that any relationship observed between species richness and biomass during early stages of succession should be solely determined by how a patch is initially colonized. This implication is potentially important because biodiversity experiments to date have, more often than not, assumed that initial colonization of a patch conforms to the substitutive design where initial biomass is independent of the richness of the regional species pool (see reviews by Schwartz et al. 2000 , Schmid et al. 2002 , Hooper et al. 2005 . Balvanera et al. (2006) recently advocated this design as being superior to others, arguing that experiments which assume other forms of initial colonization are flawed. Aside from the fact that this argument ignores a long history of controversy over the merits of substitutive designs and their counterparts (Connolly 1988 , Jolliffe 2000 , Goldberg and Scheiner 2001 , and aside from the fact that no single design is adequate for detecting the various mechanisms by which diversity might influence a process (Sih et al. 1998 , Ives et al. 2005 , Cardinale et al. 2006b ), there is little evidence to suggest that a substitutive experimental design best mimics nature. In fact, some theory argues that it might not mimic nature much at all.
For example, meta-community theory has shown that when niche differences allow species to coexistent in a ''region'' of patches, each species makes a unique contribution to biomass of the meta-community (Bond and Chase 2002 , Mouquet et al. 2002 , Loreau et al. 2003 . If the number of propagules produced by a meta-community increases with regional biomass, the total number of propagules available to colonize any given patch is likely to be a monotonically increasing function of the number of species in the region. Uneven distributions in species abundance will likely prevent the relationship between regional richness and propagule abundance from being linear (i.e., purely additive), but few niche-based models allow the two to be completely independent (i.e., substitutive). Given this, we would argue that rather than advocating the superiority of one experimental design over another, it would be more useful for future research to detail how regional species richness influences propagule abundances. Only then will we better understand how richness and biomass are related in early successional communities .
One of the most interesting results of our experiment occurred in the substitutive experimental design where, during mid-succession, species richness had a positive, but transient effect on community biomass (Fig. 2d) . This effect occurred because two of three species began to over-yield in polyculture (compare Fig. 3g-h) . Importantly, those same species did not over-yield in the additive design during this period (Fig. 3e-f ) , which suggests that some feature of these two experimental designs influences the magnitude over-yielding. The difference in the two designs lies in how the initial density of conspecifics was standardized across levels of richness. For the additive design, the initial density of conspecifics was held constant, but for the substitutive design, conspecific density was decreased as richness increased. The decreasing density of conspecifics in the substitutive design appears to be key to interpreting the mechanism operating to produce a diversity effect in mid-succession. Using a model, we showed that lower conspecific density leads to reduced intraspecific competition in a polyculture for the substitutive design, and that this can generate over-yielding and a positive effect of diversity on biomass in mid-stages of succession. In our model, over-yielding results from differences in growth rates r i among species. Fox (2004) has shown that similar trends are produced by varying K i 's. In fact, all one needs to produce transient over-yielding is a time lag in the rate at which two species approach their respective K i 's, which can be accomplished by modifying r, K, or the two in combination. Among other things, these results suggest that some caution is warranted when interpreting metrics of relative yield. Although over-yielding is commonly taken as evidence of niche partitioning among species and/or positive interspecific interactions, our model shows that reduced intraspecific interactions induced by the substitutive design can produce over-yielding in a system of competitors that have no potential for resource partitioning (i.e., the system collapses to one species at equilibrium).
Whereas changes in the impacts of intraspecific interactions can explain the emergence of a positive relationship between species richness and community biomass in intermediate succession, the trends observed in late succession are best explained by interspecific interactions. The coupling of our empirical data with our model suggests that the species used in our experiment exhibited a trade-off between growth rates and competitive ability. As a result, the slowest growing species, Chlamydomonas, was also the late-successional dominant. Importantly, Chlamydomonas had the lowest carrying capacity of all three species such that its dominance in polyculture led to lower biomass than the average monoculture. It is unclear to us why Chlamydomonas had the lowest carrying capacity, but it may be related to the fact this species is flagellated and expends a substantial fraction of its ATP on mobility (Mitchell et al. 2005) . Regardless, this condition produced what has been called a negative ''sampling effect'' (Loreau 1998a , Dukes 2001 , where increasing diversity increases the probability of dominance by a species with low productivity. A recent meta-analysis of biodiversity-ecosystem functioning studies suggests that negative sampling effects of diversity may not be widespread (Cardinale et al. 2006a ). Nevertheless, the negative sampling effect documented in our study was somewhat fortuitous because the transitive positive effects of diversity in midsuccession may not have been detectable had the dominant species had the highest carrying capacity.
As is true for all ''model'' systems, the inferences from our study are inherently limited. Not only were the laboratory microcosms small and homogeneous, we specifically chose to work with a simplified system of three closely related species to maximize our ability to identify and interpret underlying mechanisms. Thus, it should be clear that our study in no way mimics the heterogeneous nature of real systems of freshwater algae that often contain hundreds of species. Still, when the results of our experiment are interpreted alongside those of other recent empirical and theoretical studies, the evidence collectively argues that any impact of species diversity on biomass production is likely to depend on the successional age of a community. To the extent this conclusion holds broadly true, the ecological consequences of species loss will be defined by the frequencies of disturbance and the rates of recolonization of disturbed sites that jointly define the successional state of a community.
